Describing and monitoring biodiversity comprise integral parts of ecosystem management. Recent research coupling metabarcoding and environmental DNA (eDNA) demonstrate that these methods can serve as important tools for surveying biodiversity, while significantly decreasing the time, expense and resources spent on traditional survey methods. The literature emphasizes the importance of genetic marker development, as the markers dictate the applicability, sensitivity and resolution ability of an eDNA assay. The present study developed two metabarcoding eDNA assays using the mtDNA 16S RNA gene with Illumina MiSeq platform to detect invertebrate fauna in the Laurentian Great Lakes and surrounding waterways, with a focus for use on invasive bivalve and gastropod species monitoring. We employed careful primer design and in vitro testing with mock communities to assess ability of the markers to amplify and sequence targeted species DNA, while retaining rank abundance information. In our mock communities, read abundances reflected the initial input abundance, with regressions having significant slopes (p<0.05) and high coefficients of determination (R 2 ) for all comparisons. Tests on field environmental samples revealed similar ability of our markers to measure relative abundance. Due to the limited reference sequence data available for these invertebrate species, care must be taken when analyzing results and identifying sequence reads to species level. These markers extend eDNA metabarcoding research for molluscs and appear relevant to other invertebrate taxa, such as rotifers and bryozoans. Furthermore, the sphaeriid mussel assay is group-specific, exclusively amplifying bivalves in the Sphaeridae family and providing species-level identification. Our assays provide useful tools for managers and conservation scientists, facilitating early detection of invasive species as well as improving resolution of mollusc diversity.
Introduction
Detecting and monitoring species presence using environmental DNA (eDNA) is a rapidly growing research area. Species identification from recovered DNA that was shed into the environment by organisms constitutes a powerful tool for conservation biologists, allowing them to monitor taxa with greater sensitivity, less effort, and fewer negative affects relative to traditional survey methods [1] [2] . Since only trace DNA amounts are required, it is particularly attractive to detect low abundance taxa. Consequently, there is great interest in using eDNA tools for early detection of invasive species when populations are small and confined, which can facilitate successful eradication outcomes [3] . Most initial eDNA studies have taken a targeted single species-specific approach, using conventional PCR, quantitative PCR (qPCR) or digital droplet PCR [4] [5] [6] . Others have used this single-species approach to investigate eDNA production and degradation dynamics [7] [8] [9] [10] .
Alternative to the single species-specific approach, analyzing eDNA with high-throughput (also termed next-generation) sequencing allows for multiple taxa identification simultaneously from a single sample via the general concepts of DNA barcoding [11] and metabarcoding [12] . Metabarcoding is especially useful for discerning unanticipated taxa. Beyond species detection, metabarcoding further enables the analysis of community composition from eDNA samples [13] [14] [15] [16] [17] . Although promising, difficulties in applying metabarcoding techniques to eDNA samples exist, such as obtaining species level discriminatory markers, as well as possible PCR and sequencing biases. The latter may influence the presumed relationship between sequence reads and eDNA abundance.
Metabarcoding studies rely on universal primers that amplify DNA of multiple target species at a specific locus. For samples that contain the entire organism (e.g., microorganisms, meiofauna, bulk samples, diet analyses, eggs, gametes, spores, or larvae), universal primers that target a large barcoding region (i.e., COI in animals [11] , rbcL and matK in plants [18] , and ITS in fungi [19] ) have been used [20] [21] [22] . However, macro-organismal DNA that has been cast into the environment (e.g., eDNA, forensic sampling) often is degraded, which results in poor amplification of larger markers [23] . Thus a difficulty in eDNA metabarcoding is finding short amplifiable markers (~100-200 base pairs) that can discriminate among species. Such mini-barcodes have been developed for some taxa; for instance, Hajibabei et al. [24] successfully amplified and identified museum arthropod specimens using markers 100-400 bp long. For primer development, researchers either have used programs such as EcoPrimer [25] and Primer Tree [16] , or visually discerned prospective markers. Despite these efforts, it remains difficult to target species-discrimination regions given the short length eDNA marker requirements.
A second concern related to metabarcoding of eDNA, is whether read abundance can be used to assess a species' abundance or biomass [26] . Targeted species specific studies using qPCR have found positive relationships between copy number and species biomass [7, 27] ; however, few eDNA metabarcoding studies have reported a similar relationship between read abundance and biomass, and those that have, discerned moderate rather than strong relationships [14, 17] . Furthermore many studies assume that high-throughput sequencing produces quantitative output, but do not explicitly test whether read abundance accurately reflects the starting amount of DNA. Notably, metabarcoding of bulk samples [28] [29] and artificial communities of fungal PCR products [30] indicate that biases in primer binding, sequencing, and bioinformatic pipelines can limit quantitative metabarcoding abilities.
To address these two issues, we designed high-throughput sequencing assays to discern invasive mollusc species in the Laurentian Great Lakes by developing group-specific (rather than broadly universal) primers and tested them using mock communities of mixed template samples, at various proportions of concentrations. Focusing on potential primer bias, the group-specific primers were formulated to detect 19 invasive or potentially invasive bivalve and snail species listed on government databases and watch lists [31] [32] [33] . These included NOAA's Great Lakes Aquatic Nonindigenous Species Information System (GLANSIS) database [31], the U.S. Army Corps of Engineers Great Lakes and Mississippi River Interbasin Study (GLMRIS) report "Non-native Species of Concern and Dispersal Risk for the Great Lakes and Mississippi River Interbasin Study" [32] , and the USEPA report "Predicting Future Introductions of Nonindigenous Species to the Great Lakes" [33] . We also developed a primer set specific to the Sphaeriidae family of clams, a cosmopolitan group having several native and invasive species in the Great Lakes region. Like other understudied invertebrates, their identification requires extensive taxonomic expertise due to morphological similarity and phenotypic plasticity. Our goal was to develop primers that amplify short (100-300 bp) fragments to discriminate among species, aiding taxonomic studies and surveys. To address PCR amplification bias, we used mock communities containing known amounts of DNA (copy number) per species to validate our assays. Finally, the assays were used to test eDNA samples from known lab aquarium assemblages and the field.
Materials and methods

Primer design and reference database development
We evaluated three DNA regions that have been used in phylogenetic studies of the targeted invertebrate taxa. Sequences from 16S mitochondrial (mt) ribosomal (r)DNA, cytochrome oxidase I (COI) mtDNA, and 28S nuclear rDNA genes were downloaded from NIH GenBank (https://www.ncbi.nlm.nih.gov/genbank/) for all targeted species. Relative to the COI and 28S data, we found that the 16S sequence data were most abundant and well-resolved for the targeted taxa. Furthermore, 16S was found to possess conserved regions in which primers could readily be designed. Those regions were interspersed with interspecific variable regions, allowing for targeted species identification. COI appeared too variable, leading to difficulty in primer design and 28S was too conserved, circumventing discrimination among species. Focusing on 16S, we used the downloaded GenBank 16S sequences for the targeted taxa to design out reference database (Table 1) . Specimens of these taxa and close relatives had their DNA extracted, amplified, and sequenced at the 16S locus using universal 16S primers, 16Sar-L: 5'-CGCCTGTTTATCAAAAACAT-3' and 16Sbr-H: 5'-CCGGTCTGAACTCAGATCACGT-3' [34]. Polymerase chain reactions (PCR) of 25 μl, including 16.7 μl ddH 2 O, 1X AmpliTaq1 PCR buffer, 0.8 mM dNTPs, 0.5 μM of each primer, 1.5 U AmpliTaq1, and 25-50 ng template DNA. Cycling conditions consisted of initial denaturation at 94˚C for 5 min, followed by 40 cycles of 94˚C for 1 min, 48.5˚C for 1 min, and 72˚C for 1.5 min, with a final 5 min extension at 72˚C. PCR products were purified using QIAquick 1 PCR Purification kits (Qiagen). Sequencing was performed at Cornell University Life Sciences Core Laboratories Center using an Applied Biosystems Automated 3730 DNA Analyzer (Fullerton, CA, USA). These sequences then were added to the reference database of downloaded GenBank (https://www.ncbi.nlm.nih. gov/genbank/) sequences in our laboratory (Table 1) as well as to the GenBank nucleotide database (KY426891-KY426915). Subsequent primer design was based on this reference database. Sequences first were aligned using Geneious Software (7.1.9) with MUSCLE [35] . Alignments were verified by visual inspection and corrections were made. Non-target taxa (human Homo sapiens, walleye Sander vitreus, and spiny water flea Bythotrephes longimanus) also were included in alignments to assess the relative target specificity of the primers. Primer pairs were designed by visually inspecting alignments and searching for regions of diagnostic interspecific variability in the target taxa that were flanked by conserved regions. Primers then were evaluated using IDT's OligoAnalyzer 1 software for GC content, annealing temperature, and possible dimer products. Finally, primer pairs were tested in vitro with DNA extractions from targeted species for which we had tissue samples from (Table 1) , including a non-target fish species (S. vitreus). We developed primer sets for two assays. First, degenerate primers were designed to differentiate invasive bivalve and snail species using a short fragment of the mtDNA 16S RNA gene (herein referred to as MOL16S assay): MOL16S_F: 5'-RRWRGACRAGAAGACCCT-3', MOL16S_R: 5'-ARTCCAACATCGAGGT-3'. The primer set amplified some non-target species as well, since it is partially conserved across other invertebrate taxa and some fishes. Due to concern that fish DNA in an environmental water sample could potentially swamp out invertebrate DNA signal, a blocking primer was designed to reduce the former. The 5' end of the blocking primer overlaps the 3' MOL16S reverse primer, but extends further to capture fish specific nucleotide variation to increase specific binding to fish DNA. The 3' end was modified with a C3 spacer to prevent product elongation [36] , MOL16S_FISBLOCK: 5'-AGGTCG TAACCCCCTRG/3SpC3/-3'.For our second assay, non-degenerate primers amplified all 58 identified sphaeriid mussel species obtained from GenBank sequences for 16S (herein referred to as SPH16S assay) (S1 Table) , SPH16S_F:5'-TAGGGGAAGGTATGAATGGTTTG-3', SPH16S_R: 5'-ACATCGAGGTCGCAACC-3'. Sphaeriid mussels are defined here as the three genera in the Sphaeriidae family (Sphaerium, Musculium, Pisidium,and Euglesa). Targeted amplicon length for SPH16S was 299 bp, whereas amplicon length varied among species for the MOL16S assay from 183-310 bp.
Mock community design
Five mock communities were designed to encompass varying copy numbers of the targeted amplicon from 11 species ( Table 2) . We included two native sphaeriid species, as well as walleye, to increase diversity and to test the fish blocking primer. To quantify the target copy number per extraction, a series of competitive PCRs were run, in which an extraction or native template (NT) and an internal standard (IS) were co-amplified with the primer set. The IS is a synthetic double stranded homolog of the target marker that has the same primer annealing sites as the NT, enabling it to compete equally for the same primers, as well as a small deletion that enables products of the IS and NT to be differentiated by size. Given the similar amplification efficiencies between IS and NT, the initial IS and NT proportions should correspond to their ratio in the amplified product [37] . Using known concentrations (copy number/μl) of IS, we determined when this ratio was 1:1 and calculated the NT copy number. To determine this 1:1 ratio, a set of PCRs with a constant amount of target DNA extraction (25 ng) and a known IS amount were amplified, with the latter serially diluted among reactions. Molarity of each product was measured on a 2100 Bioanalyzer (Agilent Technologies). We then calculated the ratios of the log10 transformed NT:IS template molarities, which were regressed against the log10 transformed copy number of known IS concentrations used in each competitive PCR. The y-intercept of the regression line indicated the 1:1 ratio of NT:IS, which was the copy number concentration of the NT. Once copy number concentrations of the original DNA extractions were determined, we created our mock community samples using calculated volumes of the extraction required to provide the desired copy number for each target species.
To distinguish IS and NT amplification products on the 2100 Bioanalyzer (Agilent Technologies), IS was ordered as a gBlocks 1 gene fragment (IDT) of target amplicons with a deletion interior to the priming sites, making the IS 10% shorter than the NT amplicon. A 10% difference in size has been shown to not cause differences in PCR efficiency between NT and IS templates [36] .
eDNA samples from aquaria and the Maumee River
We collected Corbicula fluminea, Dreissena polymorpha, D. rostriformis, sphaeriid clams (Sphaerium sp. and Pisidium sp.) and pleurocerid snails from streams in western Lake Erie during summer 2016. The sphaeriid clams were morphologically identified to genus level and the snails were identified to family level. These were placed in two 38-liter aquaria, whose assemblage compositions are described in Table 3 . After two weeks, one liter of water was collected from each aquarium (the water was first mixed) for eDNA extraction and analysis.
The Ohio EPA gathered data for identifying fish and macroinvertebrate assemblages using traditional sampling methods in the Maumee River in 2012. At the same time, they took one liter water samples from each site for later eDNA analysis by the Stepien laboratory, which were labeled and stored at -80˚C, and used here.
Samples and DNA extractions
Extractions for the mock community samples and primer testing were prepared using tissue from taxonomically identified specimens stored in 95% EtOH (S2 & S3 Tables). Specimens were identified by the original collector (S3 Table) . The Qiagen DNeasy1 Blood and Tissue kit was used to extract bivalve DNA, whereas the Omega Bio-tek E.Z.N.A1 Mollusc DNA Kit was used for snail DNA.
Water samples were filtered through a polyethersulfone (PES) membrane using a vacuum pump. For the aquarium samples, one liter of water was filtered through a 0.45-micron PES filter, and 400 ml of the river water samples were filtered with a 0.2-micron PES filter. We also filtered and extracted DNA from 400 ml of molecular grade purified ddH2O as a negative control or blank sample. DNA from water samples was extracted following the Turner et al. [38] cetyl trimethyl ammonium bromide (CTAB) protocol. Three river water samples and the blank were tested with our MOL16S assay (without the fish blocking primer). Sample selection was based on presence of invasive species from our list, according to Ohio EPA's visual identification data (http://www.epa.ohio.gov/Portals/35/documents/MaumeeTSD_2014.pdf) [39] . Aquaria samples were tested with both the MOL16S (without the fish blocking primer) and the SPH16S assays.
Library preparation
To prepare samples for paired-end, high-throughput sequencing on the MiSeq platform (Illumina, San Diego, CA, USA), libraries were prepared in a two step PCR process. In the first step, the target was amplified with assay specific primers that were appended with 7-17 additional nucleotides (spacers) and a 33-34 bp sequencing primer region on the 5' end. Four primer sets were created, which differed only in their spacer combinations ( Table 4 ). The spacer region increased nucleotide diversity of the sequence reads and enhanced cluster formation for improved sequencing on the MiSeq platform [40] [41] and was not analogous to the C3 spacer modification used in the blocking primer. Each sample was prepared with one of these four primer pairs. PCRs contained 25 μl reaction volume, including 14.69 μl of the 10 μM blocking primer (5.88 μM final concentration), 1X NEB PCR buffer, 0.2 mM dNTPs, 0.5 μM of each primer, 1.57 U of AmpliTaq 1, and 2.5 μl of template DNA. In samples lacking the fish blocking primer, the volume of blocking primer was replaced with an equal volume of ddH 2 0. Conditions were: 30 sec initial denaturation at 95˚C, followed by 25-35 cycles of 95˚C for 30 sec, 58˚C for 30 sec, and 68˚C for 1 min, with a 2 min final extension at 68˚C. Products were cleaned using QIAquick1 PCR purification kits (Qiagen). The second PCR step used the prior step's column-cleaned product as the template and incorporated Nextera paired end indices (Illumina 1, kit FC-121-1011) as well as the P5 and P7 adaptor sequences, which enabled the prepared product to bind onto the surface of the Illumina1 MiSeq flowcell. The added indices allowed for multiple samples to be pooled together Table 4 . Primers used for library preparation.
Assay
Primers Sequence 5'-3'
Assay specific primers (in bold) with a 7-17 nucleotide spacer (underlined) and the sequencing primer region (italicized). 5' to 3' direction for all primers, the last character in the primer name indicates direction (F = forward, R = reverse).
in a single MiSeq run. PCR was carried out in a 25 μl reaction including a variable volume of H 2 0 (depending on volume of template added), 1X NEB (New England Biolabs) PCR buffer, 0.2 mM dNTPs, 2.5 μl of each indexed primer, 1.57 U of NEB Hotstart Taq polymerase, and up to 24 ng of purified product from the first reaction. Conditions consisted of a 30 sec initial denaturation at 95˚C, followed by 8 cycles of 95˚C for 30 sec, 55˚C for 30 sec, and 68˚C for 1 min, with a final 2 min extension at 68˚C. After column clean up, product was sized and quantified using a 2100 Bioanalyzer (Agilent Technologies) before sending to Ohio State University's Molecular and Cellular Imaging Center in Wooster, OH for MiSeq analysis (http://mcic.osu.edu/). To avoid sequencing dimer product observed around 200-250 bp, the targeted fragments (320-550 bp) were size-selected with a 1.5% agarose gel cassette on Pippin Prep (Sage Science). Concentration of pooled product was measured with a Qubit fluorometer (Invitrogen). Pooled samples were run on an Illumina1 MiSeq with 2 X 300 bp V3 chemistry. An additional 40-50% PhiX DNA spike-in control was added to improve data quality of low nucleotide diversity samples.
The first MiSeq run included the following 10 pooled samples: (1-5) one sample from each mock community with the MOL16S primers and fish blocking primer, (6-7) samples from mock communities 3 and 4 using MOL16S primers but without the fish blocking primer, and (8-10) samples from mock communities 1, 2, and 4 with the SPH16S primers. Two additional MiSeq runs were conducted to sequence the water samples.
Bioinformatics analyses
Reads returned from sequencing were trimmed of adaptors and sequencing primers. We used custom PERL scripts to merge paired reads and trim assay-specific primers [42] . For the mock community samples, an exhaustive search was implemented via custom PERL script to assign reads to taxa using the reference sequence database. For the mock community sample, only reads that were an exact match were retained, thus eliminating chimeric sequences and sequencing errors. For the water samples, our custom reference sequence datasets were not used to identify reads. Instead, after primer trimming, reads were clustered using QIIME's pick_de_novo_otus python workflow script with the default 97% similarity threshold and UCLUST [43] [44] . The subsequent output file, OTU Biom (Biological Observation Matrix; http://biom-format.org/) table, and representative sequence set then were employed to create a table listing the number of reads that matched each OTU (operational taxonomic unit) with the Biom package in R [45] [46] . Finally, a BLAST [47] search was performed on the OTU frequency table using the NCBI nucleotide database to identify each OTU to species. The search retained each OTU's first BLAST hit sequence, scientific name, accession number, identity percentage, coverage percent, and e-(expect) value. Only OTUs with !80% coverage and more than one sequence were retained. Reads that were assigned the same GenBank accession number were grouped together as a single OTU. OTUs assigned an identity (% similarity between query and subject sequence) !97% were considered identified to species level.
Statistical analyses of mock communities
MOL16S assay. Percentages of reads per species in each mock community were calculated, log10 transformed, and analyzed by regressing observed on to expected read percentages. We compared these within species (among mock communities), as well as within mock communities (among species).
To compare the ability of the blocking primer to reduce amplification of walleye (and other fish) DNA, we calculated the reduction in walleye DNA amplification in the two mock community samples run with and without the blocking primer.
SPH16S assay.
Since just three sphaeriid species were included in the mock communities, we did not run regression analyses on those results. Instead we show the untransformed expected and observed read percentages for comparison.
eDNA samples. To compare our DNA sequence results from the aquaria and river water samples with those from their morphological identifications, we included data from both the molecular and the morphological analyses that were defined at species level. For the molecular barcoding assays, these included those OTUs having 80% coverage and 97% similarity to query sequences from the BLAST search (as discussed above). For the morphological identifications, those taxa that were defined at the species level by morphology were included (S1 File).
Results
Primers and amplification results
According to our reference database, the MOL16S and SPH16S primer sets should amplify all targeted species (see Table 1 ). Primers were tested in vitro using tissue extractions ( Ã labels, Table 1 ), which included three non-targeted species: two native sphaeriid mussels Sphaerium similie and Pisidium compressum, and the snail Radix balthica, which is a congeneric relative of the targeted European ear snail (R. auricularia) for which we did not have tissue. All extractions amplified with MOL16S. Just the Sphaeriid mussels amplified with the SPH16S primers, indicating their targeted specificity.
MiSeq read results
Sequencing of the pooled libraries from our first run resulted in a total of 15,184,208 reads that passed cluster quality filtering. Of these, 53% were indexed and corresponded to our samples. This is in concordance with the 40-50% PhiX spike in. Of the indexed reads, approximately 84% merged using the custom PERL script, leading to 6,790,019 merged reads. Primers then were trimmed and taxa assigned to reads using custom PERL scripts and an exhaustive search with our reference sequence database. Percentage of reads that were trimmed ranged from 83.44-99.89% among our 10 samples, and the trimmed reads that exactly matched the database sequences ranged from 25.83-50.08% (S4 Table) . The eDNA samples were divided between two other MiSeq runs. These two runs included a number of samples that were part of another study. The first run, which included two Ohio EPA water samples and the water blank, had 15,209,380 reads that passed quality filtering. Of these, 58% (8,821,442) reads were indexed and the rest belonged to the~40-50% PhiX spike in. Using our custom PERL script, 95-97% merged correctly (excluding the blank sample in which only 5% of reads merged). Finally, 53-95% of these reads were retained after processing, which included: trimming primers, removing singletons, and excluding reads <100 bp long. The second run included one additional Ohio EPA water sample and the four aquaria samples. In this run, 14,329,380 reads passed quality filtering and 41% (5,857,044) were indexed for our samples, with the rest attributed to the PhiX spike. Using our custom PERL script, 96-98% of the reads merged correctly. Finally, the percentage of reads that remained after primer trimming and length processing ranged from 50-96% (S5 Table) .
MOL16S assay mock communities
For each sample, the total number of reads, percentage of expected reads, and percentage of observed reads per species are shown in Table 5 . All regression comparisons revealed significant relationships (p<0.05) between observed and expected percentage of reads for the five mock community samples using the MOL16S and fish blocking primers (Figs 1 and 2) , indicating that the observed read percentages closely reflected those expected. The two samples without fish blocking primer (replicate samples of mock communities 3 and 4) showed an 88-100% reduction in amplified walleye DNA (Table 6) , while yielding similar proportions of reads for the other species. Since the proportion of walleye reads was smaller than expected for all mock communities even without the fish blocking primer, we believe that the extraction copy number was miscalculated leading to a lower than expected copy numbers of walleye in each mock community. Because of this, we also include results comparing the use of the fish blocking primer in a preliminary data set from a separate mock community composition. Those results show that even at relatively high concentrations of fish DNA (~41% sample 1), we obtained a 62% reduction in walleye DNA with the blocking primer (Table 6 ).
SPH16S assay mock communities
Results for the three samples (mock communities 1, 2, and 4) using the SPH16S primers show similar trends as found with the MOL16S assay, in that among the three sphaeriid species, observed read percentages reflected expected rank (Table 7) . Furthermore, no reads from nonsphaeriid taxa were observed, indicating that this primer set is highly specific to sphaeriid clams. eDNA metabarcoding invertebrate assays within those tanks, sequence reads followed rank abundances, except for C. fluminea that did not amplify and the snails whose DNA did amplify but was not identified by our 97% threshold (Fig 3) . The dominant sphaeriid species was S. striatinum, whereas P. casertanum and P. compressum also were discerned in tank A in which Pisidum clams had been placed. These three species were identified as common at the collection site (J. Boehler, pers. comm.). At the 97% similarity threshold, the MOL6S primers also identified a freshwater limpet (Ferrissia fragilis), oligochaete worms, bryozoans, and human DNA (Table 8) . Although pleurocerid snails were placed in the tanks, no snail reads were identified at the 97% sequence similarity cut off. However, below this threshold, OTUs from three snail genera (Leptoxis, Lithasia, and Pleurocera) were detected (S6 Table) . Given that pleurocerid species were identified as abundant at the collection site (J. Boehler, pers. comm.), it is likely that the actual species placed in the tanks belonged to these or other closely related snail genera, and that there is no sequence data for these specific species in GenBank. No C. fluminea were identified from the eDNA, although they had been placed in the tanks. Using the SPH16S assay, only the sphaeriid clams were identified at the 97% threshold (Fig 3) ( Table 8) .
Maumee River field eDNA samples
Comparing results from our metabarcoding assay to those from the Ohio EPA's morphological identification, we find that the two approaches are biased to particular taxa. Given that we designed our MOL16S assay specifically for molluscs, this is not surprising; however, results show that some non-molluscan taxa including bryozoans, annelids, rotifers, and chordates also amplified. Without our fish blocking primer to reduce amplification of fish DNA, the number of fish reads also was not unexpected, however, we did not anticipate the amplification of those other taxa. Morphological identification of other taxonomic groups at the collection site was highest for fishes and arthropods (mainly insects) (S1 File). The morphological survey failed to discern sphaeriid clams or pleurocerid snails (from the Physella and Elimia genera) to species level, whereas our molecular assays identified them to species level (Table 9 ) (Fig 4) . Interestingly the molecular assay found quagga mussel D. rostriformis in water samples at river miles 26.7 and 58.1, while the morphological survey did not record this species (Table 9) . Furthermore, DNA from the European stream valve snail Valvata piscninalis was detected from river mile 58.1, but not detected visually in sampling. Some sequences were identified as belonging to the snail Radix swinhoei by our MOL16S molecular assay. This Asian species of snail has not been noted on watch lists as a potential invasive; however, upon further investigation including a BLAST search of the referenced OTU (GenBank accession number KP279638), the reference OTU sequence was closer to Physella acuta (a North American snail) than to other Radix species, indicating that the original Radix swinhoei GenBank entry (gb|KP279638) was incorrect. Thus we believe the correct identification of our reads for this OTU was P. acuta, which is a common snail species found in the sampling region, and not R. swinhoei. The morphological survey was able to discern one to three species of unionid mussels across the three water samples, whereas the MOL16S assay did not detect them. Finally, our water blank sample had 71 reads, eight of those being singletons with the remaining belonging to Sphaerium striatinum (Table 9) , likely due to amplicon contamination in the lab.
Discussion
MOL16S assay with mock community samples
This study shows that careful primer design and testing reduces amplification bias in target amplicon sequencing, allowing for the inference of relative abundances among targeted taxa eDNA metabarcoding invertebrate assays from high-throughput sequences of eDNA samples. Results from the mock communities support the hypothesis that the number of sequence reads correlates with the relative amounts of eDNA metabarcoding invertebrate assays DNA initially put into the sample for each OTU. Although our MOL16S primer set is not specific to molluscs, it provides useful relative abundance measurements for the targeted group. The MOL16S primer set also amplifies some vertebrate and non-target invertebrate species. In fact after development of this marker, further research found that our forward MOL16S primer overlaps a previously designed primer used by Karlsson and Holmund [48] for forensic identification of mammal species. Thus we believe that this region of 16S may be very useful for development of eDNA assays that aim for species level identification. We also showed that our fish blocking primer successfully reduced the amplification of added walleye DNA in the mock communities. Interestingly, it was not reads from fishes that dominated our river samples as we expected, but rather reads from rotifers and bryozoans. Designing blocking primers for these taxa will decrease their amplification. Alternatively, this primer set may be very useful for efforts targeting these other taxa.
SPH16S assay with mock community samples
Results from our SPH16S sphaeriid specific assay also demonstrated its ability to reflect relative abundance of the targeted species in a sample. Furthermore, and perhaps even more useful, these primers were shown to be extremely specific to the Sphaeriidae family, amplifying and identifying solely the target species in both the mock communities and the eDNA samples. Given the difficulty of morphological identification in this group, a concerted effort between sphaeriid taxonomists and molecular systematists would increase the amount of 16S sequence data from morphologically verified sphaeriid clams in genetic databases. Ultimately such an effort would enable biologists to then use the SPH16S marker as a mini-barcode for sphaeriid clams, thereby enhancing survey and monitoring efforts for this bivalve family. Results from eDNA (water) samples with our two assays show an improvement over morphological surveys for bivalve and snail species identifications. In the aquaria trials, the MOL16S assay detected all bivalve taxa that were housed in the tank except for C. fluminea, which, at the time of water sampling, were buried in the tank substrate. We believe that any DNA shed by individuals of this species was less likely to enter the water column, thus reducing their detectability. Had we sampled the substrate, we likely would have had a better chance at detecting C. eDNA metabarcoding invertebrate assays fluminea. Environmental DNA is not distributed homogenously in the environment, and species habitat preferences likely influence eDNA detection. Taking soil or substrate samples would be a better technique for detecting eDNA from benthic organisms. Snail species were not detected at the 97% similarity level, but several pleurocerid snail OTUs were identified just below that threshold. Despite North America having the highest diversity of snails in the family Pleuroceridae, current diversity and taxonomy of this group is not well understood [49] [50] and like many other invertebrate taxa, few genetic data have been collected. We believe that this lack of pleurocerid sequences in GenBank led to our assays' inability to make an identity at the 97% threshold.
Our SPH16S assay results demonstrate this primer pair's specificity to sphaeriid bivalves. For both assays, the proportion of reads that aligned with Sphaerium spp. was higher than expected, especially in comparison to the Dreissena and Pisidium spp. Ten Pisidium and 10 Dreissena mussels were placed into tank A, but the number of reads assigned was much lower than expected. Individual Pisidium clams were much smaller in size than the Sphaerium clams, suggesting that biomass influences the amount of DNA detected. In fact other studies [7, 51] report a strong relationship between biomass and eDNA, rather than between abundance (numbers of organisms) and eDNA. Biologists considering eDNA methods should first decide whether their question requires abundance as measured in number of individuals, or if biomass would suffice to answer their question.
The river water samples demonstrate that these metabarcoding assays improve species level identification for the targeted molluscan species relative to visual morphology. Our MOL16S assay detected three different snail and three different bivalve OTUs among the three water samples; whereas the visual inspection was unable to define the sphaeriid clams and pleurocerid snails to species level. Furthermore, our molecular assays detected invasive D. rostriformis and V. piscinalis that the visual method did not identify. The sole molluscan taxon that the visual method was able to discern to species was four unionid mussels. Upon further investigation of our molecular assay, we found several mismatches between our MOL16S primers and unionid mussel sequences from GenBank, thus explaining the lack of unionid sequences. Our MOL16S assay amplified several non-mollusc taxa as well, particularly bryozoans and rotifers. Given the abundance of these organisms in the aquatic communities, it is not surprising that most of the sequence reads aligned to these groups. Design of taxon specific primers to block these groups will likely improve the MOL16S assay's ability to detect more mollusc eDNA. Although rotifers made up a smaller percentage of reads relative to the bryozoans at the 97% ID threshold, analysis of reads below that threshold (S7 Table) show that the majority of reads closely match a number of rotifer species. Our primers did not amplify many arthropods, whereas arthropods were one of the dominant groups that the morphological method diagnosed to species level.
Results from the Maumee River methods comparison demonstrate the respective strengths and weaknesses of both methods. Larger-sized taxa that are well studied such as insects (arthropods) and unionid mussels were readily diagnosed to species level through morphology by trained individuals. Our molecular assays outperformed this visual classification for other molluscs. The MOL16S assay also appears to be useful for bryozoan and rotifer identities. In fact the assay detected six genera and 10 different species of bryozoans, including the invasive Lophopodella carteri, whereas the morphological survey only diagnosed it and Plumatella spp. to the genus level. Given the diversity of bryozoans detected with our MOL16S assay, further work with this marker would aid assessment of its potential as a mini-barcode for bryozoans.
Finally our blank sample did suggest that some contamination occurred, but in a relatively small amount (Table 9 ). It is unclear as to whether the contamination occurred during the filtering or amplification stage. Given the multi-step PCR process employed for library preparation which included opening of tubes after amplification, it is likely that contamination could have occurred in the process. Nevertheless, the amount of contamination we observed was relatively small. Blanks should be used throughout the process in order to limit and document the extent of contamination.
Our study demonstrates that careful primer design is important in preserving relative abundance relationships among taxa in a metabarcoding study. This and our assays' abilities to out preform morphological species level identification in less well studied taxa suggest that metabarcoding of eDNA samples will be a promising addition to biodiversity surveys. However one of the largest obstacles we came across when analyzing our field data was the lack of genetic data (and specifically voucher referenced data) in the publically-available genetic sequence databases. For example, our pleurocerid snail data from the aquaria experiments revealed that snail OTUs were only identified below the 97% similarity threshold. Thus, although we had snails of this family in the tanks, their DNA was not discerned according to our threshold. Similarly with the river water samples, a large number of rotifers were found below the 97% cut-off, thus not making our final species list. Finally, some of our reads showed 97% similarity to an OTU that was incorrectly identified in GenBank. For instance, some reads were identified by the BLAST search as R. swinhoei (gb|KP279638) and Gammarus balcanicsus (gb|DQ320034). Upon using these references in a BLAST (Basic Local Alignment Search Tool) search against the National Institutes of Health (NIH) NCBI (National Center for Biotechnology Information) nucleotide database (https://blast.ncbi.nlm.nih.gov/Blast.cgi), we found that the R. swinhoei sequence in GenBank (gb|KP279638) was more similar to P. acuta sequences than to other Radix spp. and the G. balcanicsus was more similar to insects than to other gammarid amphipods.
Checking suspicious results is important for data interpretation, especially when detection of invasive species can lead to rapid and costly management action. Researchers and managers interested in metabarcoding surveys need to be aware that, like any tool, metabarcoding comes with assumptions and limitations. For instance sequence divergence thresholds do not necessarily reflect actual species boundaries [52] [53] . Furthermore the percentage similarity in sequence thresholds will vary with species, loci used, and the amount of genetic data available. Nevertheless, we believe that metabarcoding capabilities will be greatly improved with increase in taxonomically verified sequences from diverse taxa. As others have proposed, we emphasize the need for increased collaboration among taxonomists and molecular biologists to catalogue taxonomically verified specimens with genetic sequence barcode data across all taxa to increase the capability of genetic barcoding methods [54] [55] [56] [57] .
Conclusions
Environmental DNA metabarcoding surveys can significantly augment efforts for identifying and eradicating invasive species, and conserving native species. Through low-impact sampling, eDNA samples processed with high-throughput sequencing can provide biological community composition data, identifying both native and invasive species. Our work shows that careful primer design and optimization can allow for targeted group analyses in which read abundance correlates well with original amount of DNA, providing potentially informative relative abundance or biomass data for taxa. We also have shown that eDNA methods and our two assays constitute useful tools for invasive species detection, as well as native mollusc (and perhaps other taxa) survey efforts, providing a valuable complement to traditional survey methods. The present study further demonstrates that metabarcoding data are only as good as the sequence and taxonomic information provided on genetic databases. Increased collaboration among taxonomists and molecular systematists is required in order to gain maximum benefits of this developing tool. 
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